Today, an increased emphasis on the distribution, potential volume, and cost to develop CO 2 geologic sequestration resources exists. In the presence of climate change, the need to make accurate and clearly understandable assessments of carbon sequestration potential, which can be used by the government and industry to plan for technology deployment, has never been greater. We compare three CO 2 storage assessment methodologies: the approach applied by the U.S. Department of Energy in its Carbon Atlas III, the modified U.S. Geological Survey methodology, and the CO 2 Geological Storage Solutions methodology. All three methodologies address storage resources in porous geologic media in sedimentary basins, namely oil and gas reservoirs and saline formations. Based on our analyses, these methodologies are similar in terms of computational formulation. We find that each of the proposed methodologies is science and engineering based. As such, they are important in identifying the geographical distribution of CO 2 storage resource and regional carbon sequestration potential at the national and basin-scale levels for use in energy-related government policy and business decisions. Policy makers need these high-level estimates to evaluate the prospective function that carbon capture and sequestration technologies can play in reducing CO 2 emissions over the long term. The value of these high-level assessments of CO 2 storage resource is to help inform decision makers in governments and industry as to whether carbon capture and sequestration is a climate mitigation option worth pursuing in particular regions.
INTRODUCTION
Basin-scale CO 2 storage resource assessments in one form or another have been conducted for approximately two decades (McKelvey, 1972; van der Meer, 1992; Bergman and Winter, 1995; National Energy Technology Laboratory (NETL), 2006 , 2008 , 2010 Bradshaw et al., 2004; Dilmore et al., 2008; Bradshaw et al., 2009; Burruss et al., 2009; Michael et al., 2009a, b; Brennan et al., 2010; Goodman et al., 2011) . Today, an increased emphasis on the distribution, potential volume, and cost to develop CO 2 geologic sequestration resources exists (Alley et al., 2007; van der Meer and Egberts, 2008; Dooley, 2010; Szulczewski et al., 2012) . In the presence of climate change, the need to make accurate and clearly understandable assessments of carbon sequestration potential, which can be used by the government and industry to plan for technology deployment, has never been greater.
To implement carbon capture and sequestration (CCS) in industry applications, it is also essential to consider whether the removal of CO 2 from the atmosphere is best achieved through underground geologic storage or use for other purposes. The latter is referred to as "carbon capture, use, and storage," and this term is becoming increasingly interchangeable with CCS. The most common and well practiced options for CO 2 use are enhanced oil recovery and enhanced gas recovery petroleum production. Storage resource assessments related to enhanced oil recovery and enhanced gas recovery are not covered by this study.
The CO 2 sequestration capacity that can actually be used is a subset of the total resource, constrained by external factors, much as oil and gas reserves are a subset of the total resource (McKelvey, 1972) . Capacity assessments must include economic, legal, and regulatory constraints on physical sequestration resource estimates. Under the most favorable geologic, economic, and regulatory scenarios, 100% of the estimated CO 2 sequestration resource may then be considered as CO 2 storage capacity . These scenarios are unlikely, however, because such ideal conditions are rarely present.
This study compares three CO 2 storage resource assessment methodologies: the approach applied by the U.S. Department of Energy (DOE) in its Carbon Atlas III (National Energy Technology Laboratory [NETL] , 2010), the modified U.S. Geological Survey (USGS) methodology (Brennan et al., 2010) , and the CO 2 Geological Storage Solutions (CGSS) methodology (Bradshaw et al., 2009; Spencer et al., 2011) .
Captured CO 2 can be stored in different types of subsurface geologic formations. To be suitable for carbon sequestration, geologic media must have (1) sufficient capacity and injectivity and (2) a seal that will preclude the escape of CO 2 and its return to the atmosphere over geologically long periods. Geologic environments that could potentially be used as permanent repositories for anthropogenic CO 2 include depleted and/or depleting oil and gas reservoirs, deep saline formations, unminable coal beds, and shale and basalt formations. All three methodologies listed above address storage resources in porous geologic media in sedimentary basins, namely oil and gas reservoirs and saline formations. Methods to estimate the CO 2 storage modeling of tectonic settings including Turkey, Bolivia, and Pennsylvania. His research includes stress and strain accumulation through modeling and multidisciplinary validation, as well as threedimensional construction of subsurface units as potential inputs for said models.
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potential of unminable coal beds as well as shale and basalt formations are not considered in this article.
Trapping Mechanisms
Several studies that examine the mechanisms of CO 2 trapping in the subsurface exist (Dullien, 1992; Metz et al., 2005; Bennion and Bachu, 2006; Burton et al., 2009) . Metz et al. (2005) described four of these trapping mechanisms: structural and stratigraphic hydrodynamic trapping (physical), residual CO 2 trapping (physical), solubility trapping (geochemical), and mineral trapping (geochemical). The time scales associated with geochemical trapping mechanisms are much larger than those of physical trapping mechanisms and become important when talking about very long-term retention, that is, greater than thousands of years (Metz et al., 2005) .
The ability of a formation to store CO 2 depends not only on its porosity and permeability characteristics, but also on its associated trapping mechanism(s). Reservoir traps are formed when a permeable reservoir rock is overlain or, otherwise, sealed by a low-permeability caprock. A structural trap is created by structural deformation (i.e., where folds and/or faults occur), and stratigraphic traps are created by facies changes, unconformities, or lateral and vertical changes in permeability. In all cases, a physical barrier to flow exists-the fluid cannot migrate out of the formation once it has been injected (Bennion and Bachu, 2006) . The caprock serves as a barrier and prevents the CO 2 leakage to the surface. Bachu (2008) demonstrated that, in residual trapping, gas bubbles are left behind a migrating CO 2 plume when water moves back into pore space during an imbibition cycle, after it was expelled from the pore space during a drainage cycle. These residual CO 2 bubbles are immobilized by capillary forces. In solubility trapping, CO 2 dissolves in the formation brine. Finally, in mineral trapping, dissolved CO 2 reacts with host rocks and ions in formation water to precipitate carbonate minerals (Bachu, 2008) .
ESTIMATION OF SEQUESTRATION RESOURCE AND CAPACITY

Concepts and Approaches
Methodical evaluation of geologic CO 2 -sequestration resources at large scales dates back nearly two decades; thus, a substantial body of literature examining sequestration potential at the national, regional, or basin level exists (van der Meer, 1992; Bergman and Winter, 1995; Bachu, 2003; Bradshaw et al., 2004; National Energy Technology Laboratory (NETL), 2006 , 2008 , 2010 Bachu et al., 2007; Dilmore et al., 2008; Burruss et al., 2009; Dahowski et al., 2009; Frailey, 2009; Frailey and Finley, 2009; Michael et al., 2009a, b; Brennan et al., 2010; Goodman et al., 2011; Szulczewski et al., 2012) . Studies on sequestration resource evaluation at a basin scale help us to understand how CCS technologies may work in theory; these studies provide a preliminary assessment of the prospective impact of CCS technology deployment on CO 2 emission reduction at the national or regional level. The value of these studies is to inform decision makers as to whether CCS is a climate mitigation option worth pursuing in those regions Dooley, 2010) .
Some published studies examine analytical equations as a means of providing a quick spatial characterization of a CO 2 plume using minimal information for a given range of reservoir conditions. Nordbotten et al. (2005) presented a solution for viscosity-dominated regimes. Dentz and Tartakovsky (2009) introduced an analytical expression and used a calculation technique to account for buoyancy-dominated regimes. Szulczewski and Juanes (2009) presented a sharp-interface mathematical model of CO 2 migration in deep saline formations, which accounts for gravity override, capillary trapping, natural groundwater flow, and the shape of the plume during the injection period. The main outcome is an analytical equation that defines the ultimate footprint of the CO 2 plume and the time scale required for complete trapping. The model is suitable for storage resource estimates by capillary trapping at the basin scale.
Other models have been developed to examine the amount of CO 2 that can be sequestered given the constraints on reservoir pressure (Zhou et al., 2008; Mathias and Hardisty, 2009) . Because these types of analytical models consider pressure, they also allow injectivity constraints on capacity to be considered, that is, the rate at which CO 2 can be injected into a specific geologic formation is limited by pressure conditions. Models considering injectivity or the spatial extent of injected CO 2 require a significant amount of information on reservoir properties and, as such, may only be applied in cases where reservoir parameters are well known, for example, for screening candidate reservoirs for a specific CO 2 sequestration project. For the assessment of the sequestration potential of deep saline formations on a basin scale, implementation of analytical techniques is difficult because little is typically known about the subsurface structure of the formation(s) and the reservoir properties.
A body of work that examines issues relating to CCS regulation also exists. The CCSReg Project (2009, 2010) examined the technical capabilities, legal framework, regulatory rulemaking, and administrative procedures that must be developed to make deep geologic sequestration of CO 2 a practical reality in the United States. Ghaderi and Keith (2009 ), McCoy and Rubin (2009 ), and Gresham et al. (2010 considered issues such as safety, environmental quality, reliability, liability, cost effectiveness, project financing and management, long-term stewardship, and political and social feasibility associated with the life cycle of a CCS project. Such findings are necessary for storage capacity assessments, which include economic, legal, and regulatory constraints on physical sequestration resource estimates.
Ideally, CO 2 storage resource estimates should be made on the basis of detailed geologic and geophysical analysis and modeling. However, high-level assessments are required to understand where public and private resources should be focused, as well as to provide a regional understanding of the function that CCS can play in reducing emissions. Whereas site assessments require detailed geologic and reservoir simulation modeling to determine if the site has the capacity to contain the volumes proposed for injection, basin-scale estimates need a more general, aggregated approach to allow high-level assessment of the total potential resource. When a CO 2 sequestration industry emerges, storage resource and capacity estimates will be considered a commodity.
The relationship between resource and capacity is much like the relationship between resources and reserves in the National Oil and Gas Assessment (NOGA) classification (Department of Interior, 2008) , but with the additional caveat that CO 2 -storage capacity estimates must meet economic and regulatory requirements at the time of the storage assessment. Specifically, resources are estimated quantities of a commodity, which exist at a given time within a given geographic area or jurisdiction. Resources are of two types: discovered (in-place) and undiscovered (inferred). Reserves are estimated quantities of a commodity, which are known to exist and are economically recoverable from known accumulations. Technology, economic, and regulation cutoffs are used to define reserves as a subset of resources. Similarly, a CO 2 resource estimate is defined as the volume of porous and permeable sedimentary rocks, which is accessible to injected CO 2 via drilled and completed wellbores and includes estimates of geologic storage reflecting physical constraints but does not include economic or regulatory constraints. A CO 2 capacity estimate includes economic and regulatory constraints, such as land use, minimum well spacing, maximum injection rate and pressure, number and type of wells, operating costs, and proximity to a CO 2 source.
The methodologies explored in this article-DOE (National Energy Technology Laboratory [NETL], 2010), USGS (Brennan et al., 2010) , and CGSS )-classify a CO 2 resource as a volume of porous sedimentary rocks available for CO 2 storage and accessible to injected CO 2 under current technologies. These methodologies address the technically accessible resource that may be available using present-day geologic and engineering knowledge and technology for CO 2 injection into geologic formations. The investigated methodologies are not intended for CO 2 -storage capacity assessment.
The DOE, USGS, and CGSS methodologies consider only physical CO 2 trapping mechanisms (i.e., structural, stratigraphic, and residual trappings), not geochemical trapping mechanisms (i.e., solubility and mineral trappings). Because time scales associated with geochemical trapping mechanisms are much larger than those of physical trapping mechanisms, the former play an important function only when considering very long-term retention (i.e., hundreds to thousands of years) (Metz et al., 2005; Bennion and Bachu, 2006; Burton et al., 2009) . Because these three methodologies are intended to assess CO 2 storage resource available for immediate use, dissolution in brine and mineral precipitation are not considered in the estimates presented herein.
The methods for estimating subsurface volumes in porous and permeable geologic formations used by these approaches are widely applied in the oil and gas industry for underground natural gas storage, groundwater assessments, and underground disposal of fluids. By and large, these methods can be divided into two categories: static and dynamic. Whereas dynamic methods involve injection volumes and reservoir pressure calculations, static models require only rock and fluid properties. Static methods include volumetric models and compressibility; dynamic methods use decline curve analyses, mass (or volumetric) balance, and reservoir simulation results.
All three methodologies address two boundary condition assumptions: open and closed systems. Open boundary conditions imply that in-situ formation fluids are displaced away from the injection well into other parts of the formation or into adjacent formations. Conversely, closed systems are fluid-filled formations where fluid movement is restricted within the formation boundaries by impermeable barriers. Storage volume in the closed system is constrained by the compressibility of the native fluids and rock matrix of the formation. It is difficult to collect hydrodynamic data on a basin-scale level to characterize closed-system boundary conditions. Expectedly, the authors of the three methodologies evaluated in this article base their storage resource calculations on open systems in which in-situ fluids are either displaced away from the injection zone into other parts of the formation or otherwise managed.
Because detailed site injectivity and pressure data are generally not available before CO 2 injection or collection of field measured injection rates and pressure dynamics, all three methods use static volumetric models based on commonly accepted assumptions about in-situ fluid distribution in porous media and fluid displacement processes. The volumetric methods use a relatively simple description of (1) formation topology that includes formation thickness and area, (2) formation porosity, and (3) some type of factor that reflects the pore volume that injected CO 2 can fill.
Applicability
Subsurface units suitable for geologic CO 2 sequestration are regarded as those located approximately 800 m (2625 ft) or more below ground surface, such that the increased pressure and temperature at depth are in excess of the critical point of CO 2 . This means that CO 2 injected at these temperatures and pressures will be in a supercritical condition. Fluids in a supercritical state, including CO 2 , typically exhibit gaslike viscosity, reducing resistance to flow relative to a liquid, and liquidlike density, reducing the volume required to store a given mass of fluid. Carbon dioxide exists as a supercritical fluid at a temperature and a pressure above a critical point: 304 K (87.53°F) and 7.38 MPa (1070.38 psi; 73.8 bar), respectively. The 800-m (2625-ft) criterion is only an approximation and varies somewhat depending on the geothermal gradient and formation pressure at a given site (Bachu, 2003) .
Whereas the CGSS approach does not recommend any specific screening criteria, the DOE and USGS methodologies clearly define requirements for the formation depth. The DOE recommends considering only formations deeper than 800 m (2625 ft, or the depth needed to ensure that CO 2 is in a supercritical phase) but does not explicitly specify a lower depth limit. The USGS recommends formation depth limits of 914 m (2999 ft) and 3962 m (13,999 ft). The lower vertical limit of 3962 m (13,999 ft) for a potential storage formation (SF) is based on the imputed CO 2 injection depth at pipeline pressures without additional compression at the surface (Burruss et al., 2009) . Additionally, both methodologies recommend excluding from CO 2 resource estimates those formations with water having a salinity less than 10,000 mg/L (or ppm) total dissolved solids (TDS) regardless of depth to ensure that potentially potable water-bearing units according to the Safe Drinking Water Act are not included or potentially affected by sequestration activities (Environmental Protection Agency [EPA], 2009 [EPA], , 2011 .
DEPARTMENT OF ENERGY METHODOLOGY
For several years, a group of researchers led by Dr. Scott Frailey at the Illinois State Geological Survey has collaborated through the DOE's Regional Sequestration Partnerships Initiative to develop this approach. The methodology has been used in the three generations of the National Carbon Atlas (National Energy Technology Laboratory [NETL], 2006 [NETL], , 2008 [NETL], , 2010 . The most recent version of the DOE methodology is also presented in Goodman et al. (2011) . The DOE Carbon Atlas III (National Energy Technology Laboratory, 2010, p. 23) specifies the targeted storage resource as follows: "Carbon dioxide storage resource estimates in Carbon Atlas III are defined as the fraction of pore volume of sedimentary rocks available for CO 2 storage and accessible to injected CO 2 . Storage resource assessments do not include economic or regulatory constraints."
Oil and Gas Reservoirs
As a result of exploration for and production of hydrocarbons, oil and gas reservoirs are among the better known and characterized parts of a porous sedimentary formation. Oil and gas reservoirs are discrete and stochastically distributed over the host formation.
In the case of oil and gas reservoirs that are not in hydrodynamic contact with an aquifer, the pore space previously occupied by the produced hydrocarbons becomes, by and large, available for injected CO 2 . In reservoirs that are in hydrodynamic contact with an underlying aquifer, formation water enters the reservoir as the pressure decreases because of production, reducing the pore volume available for CO 2 storage. Carbon dioxide injection can, to some extent, drive water out, thus making more pore space available for CO 2 . However, not all of the pore space previously occupied by formation fluids will become available for CO 2 because some residual fluids may remain within the pore space due to capillary trapping.
The CO 2 storage resource is calculated according to:
where G CO 2 = mass estimate of oil and gas reservoir CO 2 storage resource (M) A = area of the oil or gas reservoir that is being assessed for CO 2 storage (L ) volume at reservoir pressure and temperature (fraction) r CO 2 std = standard density of CO 2 evaluated at standard pressure and temperature (M/L 3 ) E oil/gas = CO 2 storage efficiency factor, the volume of CO 2 stored in an oil or gas reservoir per unit volume of original oil or gas in place (fraction)
The efficiency factor per se reflects the fraction of the total reservoir pore volume from which oil and/or gas has been produced and that can be filled by CO 2 . The CO 2 storage efficiency factor E involves the original oil or gas in place and the recovery factor and can be derived based on experience or reservoir simulations. Factors not considered include CO 2 miscibility into oil, dissolution of CO 2 into brine, and water flooding. An appropriate reservoir volume factor (B) should be used to scale oil or gas volume to subsurface volume at reservoir pressure and temperature. Because CO 2 storage resources for oil and gas reservoirs are reported at the field level, assessment on a basin level can be performed by summing up individual field estimates.
Saline Formations
By definition, a deep saline formation is a body of porous rock, which meets the depth conditions for CO 2 storage and which contains water with TDS greater than 10,000 mg/L (ppm). This specific threshold is defined according to the Safe Drinking Water Act (Environmental Protection Agency [EPA], 2009), stating that any groundwater with salinity less than 10,000 mg/L (ppm) TDS has the potential to be used as a water supply regardless of depth. Therefore, the potential storage resources for CO 2 in formations with salinities lower than 10,000 mg/L (ppm) are excluded from assessment. Generally, any given saline formation is a member of a sedimentary succession in a certain sedimentary basin or province.
The DOE differentiates between physical and chemical CO 2 trapping mechanisms. Because chemical trapping mechanisms are time-dependent processes requiring hundreds to thousands of years to unfold, DOE does not consider these mechanisms in calculating CO 2 storage resources at the basin and regional scales. The DOE methodology focuses on buoyant (structural and stratigraphic) and residual trappings, because, initially, those are the leading trapping mechanisms.
where G CO 2 = mass estimate of saline formation storage resource (M) A t = total area that defines the basin or region being assessed for CO 2 storage (L 2 ) h g = gross thickness of saline formation (L) j tot = total porosity that accounts for the total volume of pore space (L 3 /L 3 ) r CO 2 = density of CO 2 evaluated at a pressure and a temperature that represent storage conditions expected for a given formation averaged over h and A (M/L 3 ) E saline = CO 2 storage efficiency factor that reflects a fraction of the total pore volume that is filled by CO 2 . E saline factors fall in between 0.40 and 5.5% over the 10th to 90th percentile range.
Storage Efficiency Factor for Saline Formations
Efficiency factor, E saline , is a scaling coefficient that incorporates the cumulative effects of formation heterogeneity (geologic layering), CO 2 buoyancy, and sweep efficiency.
No distinction is made between CO 2 stored by various mechanisms. More specifically, for saline formations, the CO 2 storage efficiency factor is a function of uncertainty in input formation parameters such as area (A), gross thickness (h g ), and total porosity (j tot ). Additionally, four displacement efficiency constituents-areal, vertical, gravity, and microscopic-incorporate different physical barriers that restrain CO 2 from occupying 100% of the formation pore volume. Because it is difficult to discriminate the areal, vertical, and gravity displacement terms for a heterogeneous geologic unit, these terms are integrated by DOE into a single volumetric displacement term, E V , following the International Energy Administration Greenhouse Gas R&D Programme (2009) report. Efficiency estimates use statistical properties including mean values, standard deviation, ranges, and distributions, which describe formation parameters. Little information is known regarding the statistical characteristics of saline formations because formation properties are not well characterized. Based on results of previous research, DOE assumes that saline formations do not differ essentially from oil and gas reservoirs Burruss et al., 2009; Gorecki et al., 2009;  International Energy Administration Greenhouse Gas R&D Programme, 2009; Kopp et al., 2009a, b) . The DOE uses values provided by the International Energy Administration Greenhouse Gas R&D Programme (2009) for the 10th and 90th percentiles of geologic and displacement parameters for the clastic, dolomite, and limestone lithologies for saline formations.
Equation 3 defines the individual parameters needed to estimate the CO 2 storage efficiency factor E saline for saline formations:
where E An/At = the net-to-total area ratio, the fraction of the total basin or region area that is suitable for CO 2 storage E hn/hg = the net-to-gross thickness ratio, the fraction of the total geologic unit that meets minimum porosity and permeability requirements for injection E je/jtot = the effective-to-total porosity ratio, the fraction of total porosity that is interconnected E v = the volumetric displacement efficiency that integrates the areal displacement efficiency (the fraction of planar area surrounding the injection well that CO 2 can contact), the vertical displacement efficiency (the fraction of vertical cross section or thickness with the volume defined by the area that can be contacted by the CO 2 plume from a single well), and the gravity displacement efficiency (the fraction of net thickness that is contacted by CO 2 as a consequence of the density and mobility difference between CO 2 and in-situ water) E d = the microscopic displacement efficiency, the fraction of water-filled pore volume, which can be replaced by CO 2
In the DOE methodology, efficiency for saline formations, as estimated by Monte Carlo sampling, is established based on the P10 and P90 percentiles provided by the International Energy Agency Greenhouse Gas R&D Programme (2009) as follows:
E hn/hg , fraction of total geologic unit that meets the minimum porosity and permeability requirements for injection (0.13-0.76) E je/jtot , fraction of total porosity that is effective, that is, interconnected (0.53-0.77) E v , combined fraction of immediate volume surrounding an injection well, which can be contacted by CO 2 (0.16-0.57) E d , fraction of pore space unavailable because immobile in-situ fluids (0.27-0.76)
Because no recorded data for the net-to-total area ratio are available (values will be very site specific), it was assumed that CO 2 could be stored in between 20 and 80% of the formation for the purposes of these simulations (National Energy Technology Laboratory [NETL], 2006 [NETL], , 2008 . The area E An/At , thickness E hn/hg , and porosity E je/jtot components establish the fraction of the volume, which is suitable for CO 2 sequestration. The volumetric displacement component (E v ) corrects for the effective CO 2 plume shape. The microscopic displacement component (E d ) accounts for the pore volume accessible by CO 2 .
Efficiency (E saline ) is estimated from the individual efficiency coefficients in equation 3 by Monte Carlo simulation. Each individual factor in equation 3 is specified by a fraction, p, ranging between 0 and 1. To represent this fraction in Monte Carlo simulations, the log-odds normal distribution, also known as the logistics normal distribution, is selected. This distribution for p is properly constrained to the range (0,1), and the distribution parameters can be readily computed from the P10 and P90 ranges of geologic and displacement parameters presented by the International Energy Administration Greenhouse Gas R&D Programme (2009).
In the log-odds normal distribution, the transformed variable X ¼ lnð p 1Àp Þ is normally distributed. The values of P10 and P90 determine X 10 and X 90 , which are then used to compute m x and d. With parameters determined, X Ql can be readily sampled with Monte Carlo techniques. Then, the simulated X value is converted back to the respective p value by the inverse equation: p ¼ ð 1 1þe ÀX Þ. In applications of the DOE methodology to date, the parameters are assumed and sampled independently (Goodman et al., 2011) . However, should data become available to estimate correlation among parameters, these could be incorporated in future studies.
The saline formation efficiency factors encompass a range from a 10th percentile of 0.40% to a 90th percentile of 5.5% for clastic, dolomite, and limestone lithologies. In comparison, the previous versions of the Carbon Sequestration Atlas of the United States and Canada reported the saline formation efficiency factors ranging from 1 to 4% over the P15 and P85 percentiles (NETL, 2006 (NETL, , 2008 . P10 and P90 present lower and upper bounds, respectively, which define a likely range of efficiency factors. This range reflects various depositional environments and corresponding lithologies of saline formations that occur in North America.
U.S. GEOLOGICAL SURVEY METHODOLOGY
The methodology proposed by USGS is consistent with the resource-reserve pyramid concept Bradshaw and Bachu, 2007;  International Energy Administration Greenhouse Gas R&D Programme (2009); Goodman et al., 2011) and equivalent with the definition of a CO 2 resource estimate as defined by the DOE. The USGS approach is similar to probabilistic natural resource assessments in the USGS NOGA and treats the geologic commodity of subsurface pore space as a resource that can be assessed in a similar way to other natural resources. The methodology developed by the USGS uses the concept of the storage assessment unit (SAU), "a mappable volume of rock that consists of a porous flow storage unit and a bounding regional sealing formation. Within the SAU, the porous flow unit is defined as the storage formation (SF)" (Brennan et al., 2010, p. 7) . Any part of the SF that is not beneath the seal formation is excluded from the SAU. A schematic cross section through a SAU is illustrated in Figure 1 .
In this conceptual framework, sedimentary basins are subdivided into a series of SAUs. The USGS methodology is based on two major calculations-those of (1) the buoyant trapping storage resource and (2) the residual trapping storage resource. The technically accessible storage resource for the SF as a whole is a sum of the buoyant trapping storage resource and residual trapping storage resource.
Buoyant Trapping
Injected into the subsurface as a separate fluid, CO 2 displaces formation water and forms a buoyant plume migrating updip beneath a seal away from the injection Figure 1 . Schematic cross section through a storage assessment unit (modified from Brennan et al., 2010) .
site. When CO 2 encounters a trap enclosed by the seal, the buoyant fluid continues to displace the formation water, forming an accumulation in the same way that hydrocarbons accumulate. The USGS methodology defines the pore space within large geologic structures that retain CO 2 in this manner as buoyant trapping. Because many of these structures include petroleum reservoirs, and production data are available from the oil and gas industry, the USGS base their buoyant trapping storage resource estimates (B SR ) on data from petroleum reservoirs that have more than 500,000 barrels of oil equivalent (B OE ).
The USGS methodology is applied in two steps. First, the buoyant trapping pore volume (B PV ), "a geologically determined, probabilistic distribution of the volume of the SF that can store CO 2 by buoyant trapping" (Brennan et al., 2010, p. 10) , is calculated. The USGS proposes some default values to generate the B PV distribution:
1. The minimum B PV input is determined as the volume of known recovery of petroleum, scaled to subsurface volumes. A range of B PV values reflects the variety of basinspecific conditions and can be evaluated in several ways. The USGS methodology suggests that the assessment geologist should estimate the buoyant trapping pore volume using the best engineering judgment and all available geologic data.
The buoyant trapping storage resource (B SR ) is calculated. The buoyant trapping storage efficiency (B SE ) is generally assumed to be lower than reservoir hydrocarbon saturation because it is impossible for a relatively low-viscosity supercritical CO 2 fluid to displace 100% of a high-viscosity fluid, such as oil or water. The buoyant trapping storage efficiencies used by USGS are based on experimentally derived relative permeability curves (Bennion and Bachu, 2006; Burton et al., 2009) . These values will likely change, however, when more research or field data become available. A probabilistic distribution of the density of CO 2 is computed by the assessment geologist based on an equation of state for CO 2 , the upper and lower depth boundaries of the SF, and geothermal and pressure gradients relevant for the region. The buoyant trapping storage resource (B SR ) is obtained according to:
where B SR = mass estimate of the buoyant trapping storage resource (M) B PV = pore volume available for buoyant trapping (L 3 ) B SE = storage efficiency of buoyant CO 2 storage (fraction) r CO 2 = density of CO 2 evaluated at a pressure and a temperature that represent storage conditions expected for a given SF (M/L 3 )
Residual Trapping
The methodology used by USGS to estimate the residual trapping storage resource is based on a multistep procedure. The first step of the assessment process is to define the SF pore volume. The proposed relationship for calculating pore volume in the SF is a probabilistic product as follows: where the porous interval is defined as the stratigraphic thickness of the SF with a porosity of 8% or higher (L) f PI = the mean porosity of the porous interval (fraction)
The pore volume available for the residual trapping is defined as the remaining SF PV that is not accounted for the buoyant storage resource. A single value is selected from the simulated B PV distribution, and then this value is subtracted from the SF PV chosen in the same Monte Carlo iteration: Next, the USGS breaks up the residual pore volume into three rock classes or injectivity category allotments depending on permeability, as presented in Table 1 .
This approach assumes that the assessment geologist will obtain permeability values from databases, existing literature, and any other available sources. Based on these permeability values, the percentages of the SF that comprise each class are estimated. Little is known about reservoir properties for these parts of the SF because of limited field observations. Because the storage efficiency values are not well constrained, the USGS proposes to use a standard set of minimum, mode, and maximum values based on modeled values from Gorecki et al. (2009) . Using permeability data from the SF, the R PV is then allocated between these three classes (R1 PV , R2 PV , and R3 PV ).
The proposed relationship for calculating the residual storage resource for each rock class is:
where R SR = the residual trapping storage resource as a probabilistic product (M) R PV = the residual trapping pore volume (L 3 ) Low, <1 md Low storage efficiency values, with minimum and mode values approaching or equal to zero, given that little CO 2 will enter these rocks without artificially fracturing the rock. However, maximum values for different lithologies are considered, covering the possibility that some mass of CO 2 could enter and be stored within this part of the storage formation. 
Storage in Oil and Gas Reservoirs
Because storage in oil and gas reservoirs is a special case of buoyant trapping, it can be estimated using the KR RES values determined in the buoyant trapping section. The volumetric relationship used in the USGS methodology is:
where KRR SR = oil and gas reservoir storage resource, the known recovery replacement storage resource (M) KR RES = the known recovery corrected to a volume at subsurface conditions calculated in equation 4 (L 3 ) B SE = the buoyant storage efficiency (fraction) r CO 2 = the density of CO 2 ; a probabilistic distribution of the density of CO 2 is calculated by the assessment team based on the upper and lower depth boundaries of the SF, temperature and pressure gradients appropriate for the area, and an equation of state for CO 2 (M/L
3 )
The storage efficiency distribution for the oil and gas reservoirs used for this resource estimation is the same as the buoyant storage efficiency values described above.
CO 2 GEOLOGICAL STORAGE SOLUTIONS METHODOLOGY
The CGSS methodology was developed for the 2009 Queensland CO 2 Geological Storage Atlas through the Queensland Carbon Geostorage Initiative. The CGSS methodology includes the following key steps and assumptions: (1) examine regional seal and reservoir distributions, their quality and characteristics, and identifying defined storage fairways; (2) determine CO 2 density curves for each geologic province and use these to better estimate in-situ CO 2 density in vertical layers of 100 m (328 ft) or more in the subsurface; (3) use migration-assisted storage (MAS) trapping as a major mechanism for subsurface CO 2 storage at the industrial scale; and (4) include in the assessments only the volume of rock that is likely to be permeated by a migrating CO 2 plume.
Migration-Assisted Storage Trapping
According to the CGSS methodology, in the process of residual trapping, only a thin layer beneath the base of the seal will be affected by the migrating plume, and the residual gas saturation (RGS) associated with the immobilized part of the plume will represent only a small percentage of the available pore volume of the reservoir. In the absence of a reservoir simulation model, a regional volumetric assessment should attempt to account for these limiting factors.
The CGSS methodology uses the following assumptions.
• The reservoir is considered homogeneous.
• Initial injection occurs in a single well over the entire thickness of the reservoir.
• Formation water is displaced radially and uniformly away from the well bore during injection (the pressuredriven phase of a storage project).
• The injected affected cylinder of CO 2 that develops around the wellbore only extends out to a radius of 2.5 km (1.55 mi) (beyond this, gravity-driven forces begin to override the pressure-driven forces).
The CGSS methodology considers the CO 2 storage within the injection-affected cylinder around the well to be, ideally, only a function of reservoir gas saturation: S g = 1 -S w(irr) , where S w(irr) is the irreducible water saturation of the pore space. When injection ceases, formation water moves by imbibition (gravity-driven phase) back into the original injection-affected cylinder, and the ultimate storage within it is now a function of the RGS. Figure 2 is a representation of a siliciclastic pore environment, illustrating how residual gas and formation water may occupy the pore space after injection. The remaining mass of gas (1 -S w(irr) -Sg r , where Sg r is RGS) needs to be stored outside of the original injectionaffected cylinder. This mass rises to the top of the reservoir and migrates underneath its seal. The total lateral distance that the CO 2 plume can migrate away from the injection well is a function of Sg r and the thickness of the migrating plume.
The CGSS approach uses simulation models that suggest that migration plumes will rarely be thicker than 25 m (82 ft) in most homogeneous reservoirs and are commonly much thinner. More specifically, the 2009 Queensland CO 2 Geological Storage Atlas assumes a generic migrating plume thickness of 15 m (49 ft); S w(irr) is set consistent with known basin values of 35%, and a MAS reservoir efficiency factor is calculated for each reservoir. The thicker the reservoir, the smaller the efficiency factor will be. For example, at 15 m (49 ft), it is 100%; at 50 m (164 ft), it is approximately 30%; and at thicknesses greater than 150 m (492 ft), the efficiency factor is less than 10%. The MAS reservoir efficiency factor provides only an approximation for any given site, but it serves to reduce unrealistic regional maximum volumetric estimates.
By and large, in porous rocks, RGS increases with (1) decreasing porosity, sorting, and grain size and (2) increasing cementation and clay content. It is difficult to estimate RGS without rock core samples, and for regional assessments, available estimation methods are limited. Various authors quote ranges of 0.05 to 0.95 for RGS (Holtz, 2003; Juanes et al., 2006) . Using an empirical method published by Holtz (2003) and using the 10% cutoff porosity, the CGSS approach calculates RGS values between 0.2 and 0.6. However, the conservative value of Sg r = 0.1 is applied when calculating final regional CO 2 potential storage volumes. The discounted volumetric relationship proposed by the CGSS methodology is:
where M CO 2 = mass of CO 2 (M) RV = total reservoir rock volume, discounted for the average CO 2 plume thickness (L 3 ) f = porosity as an average total effective pore space of RV (fraction) S g = the gas saturation within the above pore space as a fraction of the total pore space, either as Sg r for RGS trapping or 1 -S w(irr) for conventional trapping, where Sg r is the residual gas (CO 2 ) saturation and S w(irr) is the irreducible water saturation (fraction) r CO 2 = the density of CO 2 at the temperature and pressure at the given reservoir depth (M/L 3 ) E = MAS reservoir storage efficiency factor, calculated for each reservoir assuming a migrating plume thickness of 15 m (49 ft)
Storage Efficiency Factor
The CGSS methodology considers that only a thin layer beneath the seal will be affected by the migrating plume (Figure 2 ). In the 2009 Queensland CO 2 Geological Storage Atlas, a generic migrating plume thickness of 15 m (49 ft) is assumed. Migration-assisted storage reservoir-efficiency factors are calculated for each reservoir-the thicker the reservoir, the smaller this number will be. Storage efficiency factors are back calculated for three sedimentary basins assessed in the 2009 Queensland CO 2 Geological Storage Atlas using the CGSS methodology. The results of that comparison are presented in Table 3 . Each of the gross rock pore volumes of the assessed reservoir-seal pairs for the three basins are multiplied by 4% with an assumed generic CO 2 density of 700 kg/m 3 (43.7 lb/ft 3 ). As shown, these CO 2 resource estimates are orders of magnitude greater than the CGSS methodology estimates. The back-calculated storage efficiency factors for the three basins using the CGSS approach are derived to be 0.1 to 0.15%-more than an order of magnitude lower than values calculated using other volumetric methodologies.
FINDINGS
In this section, we present the results of our comparative study of the three CO 2 -storage assessment methodologies used by the DOE, USGS, and CGSS. Tables 4-8 provide side-by-side comparisons across methodologies in terms of physical setting, physical processes, key equations, input parameters, and storage efficiencies.
With respect to physical setting (Table 4) , the investigated methodologies are designed to assess permeable formations occurring in sedimentary basins. Even so, these entities use different languages to define an assessment unit or formation. The DOE methodology discriminates oil and gas fields and saline formations, the USGS methodology defines SFs within SAUs, and the CGSS methodology identifies basin-scale reservoirs as permeable formations. The DOE and USGS methodologies are consistent with a resource-reserve pyramid concept, whereas the authors of the CGSS methodology do not structure their approach in terms of this framework. Regarding physical processes (Table 5) , the DOE methodology references structural and stratigraphic hydrodynamic trapping as the dominant mechanism for retaining CO 2 in oil and gas fields and structural and stratigraphic hydrodynamic and residual trappings as the dominant mechanism in saline formations. The USGS methodology differentiates buoyant (structural and stratigraphic hydrodynamic) and residual trappings within SFs. In the USGS method, any pore space that is not found in a known dry structural or stratigraphic trap is treated as residual pore space (whether or not the principle trapping mechanism is residual phase trapping). Thus, the USGS is using different storage efficiencies to account for a lack of knowledge about the subsurface instead of making a judgment about what mechanism is at play in trapping CO 2 . Unlike these two approaches, the CGSS methodology considers only residual trapping.
All three methodologies discuss the boundary condition assumptions: the two endpoints defined for potential CO 2 storage reservoirs are open and closed. However, it is difficult or impossible to collect hydrodynamic data on a basin-scale level to characterize closedsystem boundary conditions. Hence, the authors of the proposed methodologies base their storage resource calculations on open systems in which in-situ fluids are either displaced away from the injection zone into other parts of formation or managed.
In terms of dealing with uncertainty, the DOE and USGS methodologies are probabilistic approaches, meaning that both methodologies use Monte Carlo simulation for estimating formation parameters. Conversely, the CGSS approach relies on a geologic prospectivity of sedimentary basins and detailed geologic data and applies geologic, geophysical, and chemical constraints; the CGSS methodology is deterministic.
The methodologies proposed by DOE for oil and gas fields and by USGS for buoyant trapping in SFs use static volumetric methods for estimating subsurface CO 2 storage resource (Table 6A ). These methods rely on parameters that are related to the geologic description of an assessment formation, for example, thickness, porosity, temperature, and pressure. The DOE equation for the calculation of CO 2 storage resource is based on the geometry of the reservoirs (reservoir area and thickness) and water saturation as given in reserve databases. The CO 2 storage efficiency factor involves the original oil and gas in place and recovery factor and can be derived based on experience, especially in cases where good production records are available. The alternate USGS volumetric equation is a production-based formula where CO 2 storage resource is calculated on the basis of reservoir properties such as original oil and gas in place, recovery factor, and in-situ CO 2 density defined by reservoir temperature and pressure. It also requires reliable production records-the volume of known recovery of petroleum, scaled to subsurface volume, particularly when cumulative production is greater than the original oil and gas in place. In addition, according to the USGS methodology, buoyant trapping storage resource in SFs includes the mass of CO 2 that can be stored in dry traps.
Comparing the two methodologies, we have identified several analogies and distinctions.
• Static volumetric storage of CO 2 in free phase is considered by both methodologies.
• Methods for CO 2 storage resource calculation are production based for both approaches, although the DOE equation is based on reservoir geometry and properties, as well as on oil and gas production data. Unlike the DOE formula, the USGS equation does not require reservoir area and thickness; it uses known recovery of oil and gas and reservoir properties.
• The DOE methodology does not explicitly include the volume of dry traps (without petroleum production) in CO 2 storage resource estimates for oil and gas fields. However, the USGS approach incorporates the volume of dry traps into the CO 2 storage resource for buoyant trapping in SFs, where data are available.
• As for storage efficiency, both methodologies use the buoyant trapping (oil and gas fields under the DOE classification) storage efficiency based on known production data.
Carbon dioxide storage resource assessment methodologies developed by the DOE for saline formations; by the USGS, for residual trapping in SFs; and by the CGSS, for migration-assisted storage trapping in basin-scale porous reservoirs are computationally equivalent and use volumetric-based CO 2 storage estimates (Table 6B) . The volumetric models rely on parameters that are directly related to the geologic description of the sedimentary basin and formation properties: area, thickness, porosity, temperature, and pressure, where the last two parameters define CO 2 density at in-situ conditions. We find both similarities and differences among the methodologies.
• The DOE methodology considers an assessment formation as an undivided unit and provides storage resource calculations for the formation as a whole, whereas the USGS methodology subdivides an SF into three rock classes or injectivity category allotments on the basis of permeability. Carbon dioxide storage resource is determined for each class; consequently, the computed values are summed iteratively to calculate the total residual trapping storage resource. Unlike the DOE and USGS approaches, the CGSS methodology assumes that, in the process of MAS trapping, only 15 m (49 ft) of formation thickness is affected by the migrating CO 2 plume.
• Storage efficiency: The proposed methodologies introduce storage efficiency factors in calculations.
The DOE methodology provides a range of values of storage efficiency for saline formations, which are between 0.40 and 5.5%. However, the USGS methodology suggests that, for the calculation of residualtrapping CO 2 storage resource, a specific range of storage efficiency values should be applied for each rock class (Tables 2, 7 ).
• Unlike the DOE and USGS approaches, the CGSS methodology assumes that only a thin layer beneath the seal will be affected by the migrating plume. A generic thickness migrating plume used in the 2009 Queensland CO 2 Geological Storage Atlas is 15 m (49 ft). Migration-assisted storage reservoir efficiency factors are calculated for each assessment unit: the thicker the reservoir, the smaller this number will be, so the derived storage efficiency factors are typically more than an order of magnitude less than what the DOE and USGS methodologies suggest (Tables 3, 7) . For these reasons, the CGSS approach would produce the most conservative storage estimates if applied for the same assessment formation.
CONCLUSIONS AND SUMMARY
Previous efforts to assess CO 2 storage resource used an array of approaches and methodologies, using data sets of variable size and quality and resulting in a broad range of estimates with a high degree of uncertainty. Through its Regional Carbon Sequestration Partnership Program, the DOE developed standards for CO 2 storage resource estimation in oil and gas fields and deep saline formations for producing a Carbon Sequestration Atlas of the United States and Canada. In parallel, the USGS generated a report that provides a coherent set of methods for estimating CO 2 sequestration resource in SFs including FVF OIL = the formation volume factor for oil and natural gas liquids (fraction) KR GAS = the known recovery of gas (L 3 )
E oil/gas = CO 2 storage efficiency factor (fraction) FVF GAS = the formation volume factor for gas (fraction) (b) Median B PV Undiscovered NOGA* petroleum resource volumes scaled to subsurface condition for the given storage formation are added to the B PV_MIN value to estimate a median buoyant trapping pore volume (c) Maximum B PV B PV_MAX should include some estimate of the volume of the total pore space that is within large enclosures.
No specific way to estimate B PV _ MAX is suggested. B PV = pore volume of the storage formation (L 3 ) (3) Three rock classes or injectivity category allotments, R1 PV , R2 PV , and R3 PV , depending on permeability (as presented in Table 1 ) are defined r CO 2 = the density of CO 2 at the temperature and pressure at the given reservoir depth (M/L 3 ) E = migration-assisted storage reservoir storage efficiency factor, calculated for each reservoir assuming a generic migrating plume thickness = 15 m buoyant and residual trappings. In addition, the CGSS recommended a methodology for assessing CO 2 storage resource in basin-scale porous reservoirs, which was used in the 2009 Queensland CO 2 Geological Storage Atlas. A concise comparison of these methodologies is provided in Table 8 . Based on our analyses, these methodologies are similar in terms of computational formulation. Specifically, the explored methodologies use static volumetric methods to calculate CO 2 storage resource in open systems and are applicable at either regional or basin-scale level. The methodologies, however, are not intended for site screening and selection. Siting of specific CCS facilities requires estimates of storage resource capacity for candidate formations, based on numerical modeling that considers the site-specific CO 2 injection rates, reservoir properties, and dynamics of the CO 2 plume.
We found that each of the proposed methodologies is science and engineering based. As such, they are important in identifying the geographical distribution of CO 2 storage resource and regional carbon sequestration potential at the national and basin-scale levels for use in energy-related government policy and business decisions. Policy makers need these high-level estimates to evaluate the prospective function that CCS technologies can play in reducing the CO 2 emissions of the nation or region over the long term. The value of these high-level assessments of CO 2 storage resource is to help inform decision makers in governments and industry as to whether CCS is a climate mitigation option worth pursuing in particular regions.
